Abstract An accurate critical heat flux (CHF) prediction method is the key factor for realizing the steady-state operation of a water-cooled divertor that works under one-sided high heating flux conditions. An improved CHF prediction method based on Euler's homogeneous model for flow boiling combined with realizable k-ε model for single-phase flow is adopted in this paper in which time relaxation coefficients are corrected by the Hertz-Knudsen formula in order to improve the calculation accuracy of vapor-liquid conversion efficiency under high heating flux conditions. Moreover, local large differences of liquid physical properties due to the extreme nonuniform heating flux on cooling wall along the circumference direction are revised by formula IAPWS-IF97. Therefore, this method can improve the calculation accuracy of heat and mass transfer between liquid phase and vapor phase in a CHF prediction simulation of water-cooled divertors under the one-sided high heating condition. An experimental example is simulated based on the improved and the uncorrected methods. The simulation results, such as temperature, void fraction and heat transfer coefficient, are analyzed to achieve the CHF prediction. The results show that the maximum error of CHF based on the improved method is 23.7%, while that of CHF based on uncorrected method is up to 188%, as compared with the experiment results of Ref. [12] . Finally, this method is verified by comparison with the experimental data obtained by International Thermonuclear Experimental Reactor (ITER), with a maximum error of 6% only. This method provides an efficient tool for the CHF prediction of water-cooled divertors.
Introduction
A divertor is a component that is used to exhaust the impurity content in the plasma of a tokamak. In addition, the divertor plays an important role in exporting part of the plasma thermal power, which is subjected to high heat flux (HHF) up to tens of MW/m 2 [1, 2] . One of the important tasks in thermal-hydraulic design of water-cooled divertor is to make the critical heat flux (CHF) much higher than the working heat flux. Otherwise the divertor would be burned out after local film boiling occurs. Thus, an accurate CHF prediction method for water-cooled divertor is crucial for divertor design. Many mechanism models about subcooled flow boiling have been propounded through theoretical and experimental research to predict CHF [3−5] .
Some researchers from ITER (International Thermonuclear Experimental Reactor) have utilized CHF correlations obtained from a large number of experiments with uniform heat flux condition on the tube wall to estimate the CHF in projects. However, the CHF correlations show significant error compared with watercooled divertor experiments because of the inapplicability of correlation to one-sided heating condition in divertors [6] . Recently, Euler's model for boiling flow [7, 8] , combined with a turbulent model has been a common method that is applied to simulate subcooled flow boiling. The heat, momentum and mass transfer between liquid phase and vapor phase in subcooled flow boiling can be simulated through this method so that the twophase flow pattern and temperature field which the divertor designers are concerned with can be ob-tained. In particular, CHF at the heat transfer deterioration point can be found by judging where the nucleate boiling is transformed into film boiling. Ying [9] and Bournonville [10] studied the subcooled flow boiling in a water-cooled divertor under different operating conditions based on the Euler multiphase model. The calculation result showed that the Euler multiphase model can provide a satisfactory simulation accuracy in nucleate boiling region but it cannot predict the CHF exactly due to the lack of an accurate correlation about twophase interactions for film boiling. Guo [11] calculated the flow boiling heat transfer and CHF inside a vertical rectangular slim passage based on Euler's homogeneous model, and the calculated CHF better fits the experimental result. However, the specific influence from the one-sided high heating conditions should be considered in the CHF prediction method and then incorporated into the Euler homogeneous model.
In this paper, a CHF prediction method based on an Euler homogeneous model combined with realizable k-ε model is adopted for the CHF prediction of water-cooled divertors, which has been improved by taking into account the influence of one-sided HHF. The time relaxation coefficients are corrected based on the Hertz-Knudsen formula and the local differences of liquid physical properties are considered in this prediction method. This method will be verified as accurate and applicable by comparison with the experimental results of Ref. [12] and ITER [3] .
Analysis methods
Due to the specific influence of the one-sided high heating conditions, the heat transfer process in the tube is divided into three regimes along the flow direction: single-phase convection, nucleate boiling and film boiling regimes. Fig. 1 is a schematic diagram of the three heat transfer regimes in the tube. Therefore, these three heat transfer regimes should be simulated accurately so that an accurate prediction of the CHF can be achieved. 
Turbulence model for a single-phase flow
In this paper, a realizable k-ε model, which has been widely applied in the numerical simulation of different types of flows [13, 14] , is adopted for single-phase flow. The realizable k-ε model can accurately simulate free shear flows, channel flows, boundary-layer flows, separated flows etc.
Basic Euler homogeneous model for subcooled flow boiling
The subcooled flow boiling heat transfer was simulated on the basis of the Euler homogeneous model. The governing equations are presented as follows [15, 16] : Continuity equation:
Momentum equation:
(2) Energy equation:
where α q is the volume fractions of phase q (liquid phase and vapor phase); ρ q is density of phase q, kg · m −3 ; p is pressure, Pa; u is the velocity of mixture, m · s
T is temperature, K; S q is the mass source term of phase q (liquid phase and vapor phase), kg · m −3 · s −1 ; and, S h is the energy source term, W · m −3 . a. For the mass source term S αq , the mass transfer between liquid phase and vapor phase is described by Lee's module [17] :
whereṁ l andṁ v are the mass transfer between liquid phase and vapor phase per unit time and per unit volume, kg · s −1 · m −3 ; α l and α v are the volume fractions of liquid phase and vapor phase, respectively; ρ l and ρ v are liquid density and vapor density, respectively, kg · m −3 ; T sat is local saturation temperature, K; T l and T v are liquid temperature and vapor temperature, respectively, K; and, τ l and τ v are the time relaxation coefficients of liquid phase and vapor phase respectively, 1/s, and the values are both 0.1 according to the Ref. [17] .
b. For the energy source term S h , the energy transfer equation which is related to mass transfer was used:
where L is local latent heat of vaporization, J/kg;ṁ is mass source term, kg · s
Corrected liquid physical properties and Euler homogeneous model

Corrected liquid physical properties
The differences in local liquid temperatures in the cooling channel under one-sided high heating conditions are significant. Since the liquid physical properties were different under different temperatures, local differences of liquid physical properties as functions of temperature were considered to achieve more accurate results. Liquid physical properties were obtained through formula IAPWS-IF97 [18, 19] as shown in Fig. 2 . 
Corrected Euler homogeneous model
CHF occurs after the formation of film boiling under high heating conditions. The transformation from nucleate boiling to film boiling is due to a great increase of void fraction in the near-wall region. Therefore, accurate calculation of void fraction is the key to the CHF predication. As a result of the one-sided HHF, the mass transfer between liquid phase and vapor phase of water-cooled divertor is much different from that of Lee's module [17] . The key parameters which determine the mass transfer between liquid phase and vapor phase are time relaxation coefficients (τ l and τ v ) as shown in Eqs. (4) and (5). Thus, the time relaxation coefficients should be corrected to achieve more accurate results. According to molecular kinetic theory, the mass transfer between liquid phase and vapor phase on the interface can be described by the Hertz-Knudsen formula [20, 21] , as shown below
where F is mass transfer on the interface, kg/(m 2 · s); β is an accommodation coefficient, which is related to the physical properties of vapor phase; M is the molar mass of vapor phase, 18 g/mol for water; R is gas constant, J/(mol · K); T sat is the saturation temperature, K; P * is pressure of vapor phase, Pa; and, P sat is the saturation pressure, Pa.
According to the Clapeyron-Clausius formula [20] , the relationship between pressure and temperature can be described as follows [21] :
while P * and T * are close to saturation state, Eq. (8) can be expressed as:
By combining Eqs. (7) and (9), we get:
By assuming the bubbles are spherical we have:
V cell is the volume of element, m 3 ; d is the diameter of bubble, m. The mass source term can thus be expressed as:
Combining Eq. (12), Eqs. (4) and (5) [21] we obtain
The general form of time relaxation coefficient is given by Eq. (13) based on molecular kinetic theory. Eq. (13) depicts the relation between time relaxation coefficient and other parameters, such as density, diameter of bubble and latent heat of vaporization. The accuracy of numerical simulation on void fraction under different operating conditions can be improved with this relationship. This is accomplished through the user defined function (UDF) on the basis of FLUENT software to improve the accuracy and applicability of Euler homogeneous model.
Model and boundary conditions
The 3D water-cooled divertor model taken from Ref. [12] is shown in Fig. 3 . The solid material is copper and the coolant is water. A 120-mm long fluid domain is added in order to avoid the entrance effect. The solid and the fluid domains are both meshed with hexahedral elements, as shown in Fig. 4 . The meshes in the near-wall region are refined. The number of elements is determined to be nearly one million by the grid independence test. The unit of length is mm. The boundary conditions are velocity-inlet and pressure-outlet. The upper surface is exposed to steady-state heat flux, and the other outer boundary is adiabatic. The direction of gravity is -Y , 9.8 m/s 2 . The boundary conditions for our numerical simulation are summarized in Table 1 .
Results and discussion based on the uncorrected method
The relations between heat flux and local wall temperature based on the uncorrected method are shown in Fig. 5 , together with the experimental data obtained by R. D. Boyd in Ref. [12] . According to Ref. [12] , the slopes of the curves in this regime should be larger than that in the single-phase convection regime due to the heat transfer enhancement in the nucleate boiling regime. The CHF can be noticed by a significant decrease in the slopes of the curves after the increase of the slopes. As shown in Fig. 5 , in single-phase convection regime the calculated wall surface temperatures are in good agreement with the experimental results, with a maximum error of 5% only. But the calculated onset of nucleate boiling (ONB) is 800 kW/m 2 , which is larger than the experimental ONB of 600 kW/m 2 . In addition, the increase of slope in nucleate boiling regime is insignificant. The calculated CHF (2800 kW/m 2 ) is much higher than the experimental CHF (970 kW/m 2 ), and the maximum error is up to 188%. The reason is that the time relaxation coefficients of uncorrected method are obtained under low heating condition [17] , and its numerical value is far below the actual value of water-cooled divertors in practical applications. The lower time relaxation coefficients provide lower calculated void fraction, which leads to a higher CHF.
4 Results and discussion based on corrected method 4.1 CHF Fig. 6 shows the relations between heat flux and local Fig. 7 shows the void fraction distribution cloud charts on the center section of the cooling channel. When the heat flux is lower than 800 kW/m 2 , the mode of heat transfer in the cooling channel is a singlephase convection. When the heat flux is higher than 800 kW/m 2 , there is a vapor phase in the top of the cooling channel, and the void fraction in the upper part of the cooling channel is higher than that in the lower part. When the heat flux reaches 1200 kW/m 2 , the local void fraction in the near-wall region is up to 80%, and the heat flux at this moment has reached CHF according to the bubble crowding model [22] . Fig. 8 shows the average void fraction distribution along the flow direction. The curve is concave as a result of the difference between the bubble behavior in the anterior part of the cooling channel and that in the rear part, and this conclusion is the same as that of Ref. [23] . . The numerous bubbles in the upper part of cooling channel deteriorate the heat transfer efficiency, as a result the average HTC curves show a sharp reduction in the third stage. CHF condition is characterized by a sharp reduction of the local HTC, which results from the replacement of liquid by vapor adjacent to the heat transfer surface [6] (m in = 590 kg/(m 2 ·s): CHF = 800 kW/m 2 ; m in = 1180 kg/(m 2 ·s): CHF = 1200 kW/m 2 ). The CHF obtained in this way is the same as the results of sections 4.1 and 4.2. Fig.9 The variation of average HTC with heat flux Fig.10 The relations between heat flux and local wall temperature Fig.11 The variation of average HTC with heat flux
Void fraction distribution
Applicability analysis
The water-cooled divertor model taken from Ref. [3] is numerically calculated to validate the applicability of the method for different operating conditions. Fig. 10 shows the relationship between heat flux and local wall temperature. Fig. 11 shows the variation of average HTC with heat flux. As shown in Figs. 10 and 11 , the calculated CHF (18 MW/m 2 ) is in good agreement with the experimental result (17 MW/m 2 ), with a maximum error of only 6%. Therefore, the adopted method is verified applicable for different operating conditions.
Conclusions
In order to improve the CHF prediction accuracy for water-cooled divertors, a corrected CHF prediction method based on the Euler homogeneous model for flow boiling combined with a realizable k-ε model for singlephase flow is adopted. In this method, the time relaxation coefficients are corrected by the Hertz-Knudsen formula, and local large differences of liquid physical properties are revised by the formula IAPWS-IF97. An experimental example is simulated based on both the improved and the uncorrected methods, and the applicability of this improved method is verified by comparison with the experimental results of ITER. The results are summarized as follows:
a. The calculated CHF based on uncorrected method is much higher than the experimental CHF, and the maximum error of CHF is up to 188%. The reason for this is that the time relaxation coefficients of uncorrected method is far below the true value of water-cooled divertors in practical applications;
b. The revision on time relaxation coefficients and liquid physical properties can improve the CHF prediction accuracy for water-cooled divertors. The improved method is validated to be accurate and applicable in comparison with the experimental results of Ref. [12] and ITER, and the maximum error of CHF is 23.7%; c. The improved method provides an efficient tool for accurate CHF prediction for water-cooled divertors, and it can be extended to predict the CHF of other HHF water-cooled engineering structures.
